Abstract-Torsional oscillations greatly affect performance and determine the bandwidth (BW) and damping of speed loops. Backlash due to gear reducers can also contribute to the triggering of oscillations, especially when the drive runs at very low load torque. This paper presents a detailed evaluation of these effects in typical electromechanical drive trains applied to paper machine sections. The cases evaluated consider torsional oscillations in two-mass and three-mass systems, and the effect of shaft diameter and length on the resonant frequencies of three typical paper machine sections. Time-domain response plots are evaluated to show the effect of speed response overshoot, reducer backlash, and step or ramp speed commands. Based on these results, mechanical design guidelines are given for the most significant drive train components in order to minimize torsional oscillations of the speed-controlled drive system.
I. INTRODUCTION
A PAPER machine consists of different mechanical sections, each of them driven by one motor or an arrangement of one master motor and one or more slave (helper) drives, which are conventionally speed or torque regulated. Typical sections are represented by: fourdrinier, press, dryer, calender, and reel. In order to avoid damage to the sheet during formation, pressing, and dry-end finishing, all these sections must follow the master reference with minimum speed deviation, and deliver speed and torque nearly free of torsional oscillation.
A typical arrangement of a mechanical drive train is shown in Fig. 1 . Main components are the driving motor, gear reducer, jackshaft, and the rolls. Depending on the kind of paper machine and the kind of mechanical section, great differences in the power requirements and section inertias can be found. Table I shows TAPPI power requirements (NRL and RDC) for three typical sections of a lightweight coated (LWC) paper machine [1] . The Size Press section consists of two 30-in-diameter rolls with a maximum nip pressure of 250 pli, and can be considered as a low-inertia section (connected load/motor inertia ratio approximately 20 : 1). The dryer section is formed by 12 60-in cylinders and 12 felt rolls, resulting in a large-inertia section (typical inertia ratio is 180 to 200 : 1). Finally, the calender section consists of three 24-in plain rolls and one hydraulically controlled crown roll, operating at 600 pli. It is a medium-range inertia section, with a load-to-motor inertia ratio of 80 to 100 : 1.
Mechanical drive trains include reducers, jackshafts, and associated couplings. Typical jackshaft lengths are between 2.5-3.5 m. They are the springiest elements of the system and mainly responsible for torsional oscillations during fast changes of the reference and/or load. Reducers, typically helical gear units, add extra torsional elasticity and backlash. The amount of backlash depends on the number of reduction stages of the reducer. For one-stage units, backlash is about 0.2 -0.5 ; and for two-stage gear units, is about 0.6 -1.2 . Backlash effects show up during low load torque operation, and any time a decrease in the speed is commanded whereby the transition through zero torque could trigger torsional vibrations.
There is an extensive list of technical papers reported on torsional oscillations that propose different methods of controlling or reducing the oscillations [2] - [4] . Most of them are focused on servodrives with resonant frequencies in the range of 10 rad/s, and the proposed mitigation techniques are based on notch [4] , other kind of filters or by using different estimators [2] . Specifically, in [5] estimators, for a servo drive without considering backlash effects. The only references focused on torsional effects in paper machine drives are [6] and [7] by Bentley, including all the fundamentals, as well as field recordings and examples, with an emphasis on minimizing resonant torque amplitudes. This paper will address the evaluation of torsional oscillations in the different mechanical sections of a paper machine, and points out the different mechanical issues and controller tuning considerations that should be followed to get minimum oscillation, which is also quickly damped out. The evaluation is done for the three typical sections reported in Table I , using two-and three-body models, and developing the frequency-and time-domain responses.
II. EVALUATION USING TWO-MASS MODEL
The simplest model that can be established to analyze torsional oscillations is the so-called two-mass model, consisting of two inertias and joined by an elastic shaft modeled by its torsional stiffness (see Fig. 2 ). When using this simple model, is assumed as the sum of the motor inertia and reducer inertia, is the inertia of the rolls (load inertia), and is the jackshaft torsional constant.
A. Antiresonant and Resonant Frequencies
Neglecting friction losses in motor and load, simple expressions can be found for the antiresonant and resonant frequencies. These are
Both expressions are proportional to the root of the torsional constant . Also, it can be seen that the antiresonant frequency depends only on inertia ,and, if inertia is much greater than (as in the dryer and calender sections), then the resonant frequency can be approximated by Hz
This relationship shows that has the greater effect on . Table II summarizes the antiresonant and resonant frequencies and their magnitudes for the three sections of the LWC  paper machine shown in Table I . These values include the effect of friction losses in the motor and load.
From Table II , it is possible to see that the resonant frequencies are much greater than the antiresonant frequencies. (A sit-TABLE II  RESONANT FREQUENCIES AND MAGNITUDES uation very different to what is often found in servodrives). For the size press, is about four times greater, and for the dryer is about 12 times greater. These differences can be explained because the ratio is proportional to the root of inertia ratio as shown in (1) and (3) . As expected, the lowest antiresonant frequency is for the dryer section, which has the highest load inertia.
These results are important because these frequencies greatly affect the BW that can be set in the speed controllers without producing instability problems.
B. Shaft Parameters Sensibility
According to (1) and (2), and depend on the inertias (motor and reducer) and (rolls), and on the torsional stiffness of the jackshaft. As the motor and roll inertias are determined by process and power considerations, the only parameter that can be altered (optimized) in the mechanical design is the torsional stiffness constant . For cylindrical shafts, is given by (4) where steel shear modulus of elasticity; jackshaft diameter; jackshaft length. According to (4) , the most effective parameter for changing the torsional stiffness is the diameter . As and depend on the root of , and depends on the fourth power of , changes in diameter will produce changes in the antiresonant and resonant frequencies proportional to squared.
Figs. 3 and 4 show the effects of making changes of % and 20% in the diameter , and the length , of the jackshaft in the dryer section. Tables III and IV summarize the changes in and . For changes of 20% in diameter , changes from 0.29 to 0.65, and changes from 3.58 to 8.05. As expected, changes in length produce relatively minor variations of and . These results show that in the mechanical design of the indrives, shaft lengths should be as short as possible, and that a 20% increase in shaft diameter will produce an increase of 44% in and .
C. Time Responses to Step Commands
The time-domain response of the drive systems to step commands depends upon the speed controller tuning and the resonant frequency of the drive train. By its nature, a step command excites the drive system controller momentarily with all frequencies making up the Fourier series for a step function. Consequently, the system is commanded to respond to all frequencies from the very highest at the initiation of the step to the final steady-state new value at the end of the transient. An appropriately tuned speed loop BW will have its "crossover frequency" well below the resonant frequency, assuring that the gain at resonant frequency is below unity (or zero dB) and, therefore, the transient oscillations resulting from this resonance will be damped satisfactorily by the controller.
Figs. 5-8 show calender section response to 5% step commands, , for two different sets of the speed controller tuning, modeling the drive train as a two-mass system with an ideal reducer without backlash. From the waveforms of the motor speed and roll speed it can be seen that because load inertia is much higher than motor inertia, roll speed is almost free of torsional oscillations, and all the speed oscillations show up at the motor end. Note that the motor load current exhibits these oscillations as well, indicating that the motor torque is being excited by the control system as a result of the torsional speed oscillation. These oscillations last about 1 s and after that, the system behaves as a rigid body. If speed BW (crossover frequency) is indiscriminately set to higher values, system response will become less stable, and sustained damaging resonance-producing torques will likely occur.
Responses shown in Figs. 7 and 8 (without overshoot) can be considered well-behaved. Time-domain responses with overshoot, such as those shown in Figs. 5 and 6, are not appropriate in many instances, as will be shown in Section IV.
III. EVALUATION USING A THREE-MASS MODEL
The effect of the high-speed (HS) shaft stiffness and the reducer inertia can be explored using a three-mass model (see Fig. 9 ). Now, , and are the motor, reducer, and roll iner- tias, and and are the torsional stiffnesses of the HS shaft and jackshaft, respectively.
A. Antiresonant and Resonant Frequencies
For the three-mass model two pairs of antiresonant/resonant frequencies show up. Table V shows the corresponding values for the size press section.
The low pair of antiresonant and resonant frequencies is almost the same as found using the two-mass model. The high-frequency antiresonant/resonant pair that shows up using the threemass model is related to the torsional oscillations between the motor inertia and the reducer inertia due to the HS shaft elastic constant. For the size press section this resonant pair is located around 170 Hz. This high value is due to the fact that HS shafts of the motor and reducer are much stiffer than the jackshaft, because of their shorter lengths (around 0.5-0.6 m), and their "overdesign" to carry overhung loading due to pinion gear support in the reducer, and the rotor support in the motor.
B. Shaft Parameter Sensibility
Most sensitive parameters are the diameters and of the HS shaft and jackshaft, respectively. Figs. 10 and 11 show the frequency responses of the size press section during changes of 10% and 20% of diameters and , respectively. As expected, changes in (HS shaft) affect the pair, and changes in (jackshaft) affect the pair in the same way shown in Section II-B.
IV. EVALUATION OF THE EFFECT OF BACKLASH
One important characteristic of the reducers not yet included is backlash. For helical gear units, such as those used in paper machine drive trains, the amount of backlash depends on the number of stages of the reducer, varying from 0.2 to 0.5 for one-stage reducers, and from 0.6 to 1.2 for two-stage units. The actual value is determined by the free movement between mating gear teeth at the pitch line between each gear set within the reducer. This movement is summed up as degrees of the pinion shaft rotation, measured with the low-speed output shaft locked. Certain types of nonrecommended couplings also exhibit detrimental backlash and, if used, must also be taken into account.
Backlash effects show up during the starting of paper machine sections, and during torque reversals in the drive train. Torque reversals can be produced by lowering of the speed reference. Also torque reversal may occur during low load torque operation when the downstream section pulls the sheet, forcing the torque to negative values. This condition is likely to show up in the last dryer section when the sheet tension reference in the calender is set too high.
A. Backlash Modeling
The model of a gear, considering the backlash effect, assumes the existence of a total backlash and a gear torsional stiffness, , resulting in a center deadband zone bounded by linear zones as shown in Fig. 12 .
A frequency-domain model of an electromechanical train involving backlash can be developed by application of the describing function method [3] . For any nonlinear element, the describing function is the transfer function corresponding to the fundamental component of the Fourier expansion. This method can be used for treating any nonlinear system as long as its response to a sinusoidal input is dominated for the first harmonic. Using this method it is possible to plot the frequency response of the system in a similar way to that done in linear systems. The transfer function gain of the backlash is [3] : (5) where (6) where is the amplitude of the input signal . Plotting the describing function gain versus the inverse of it can be seen that the gain decreases from 1 to 0 as approaches 1. Therefore, the presence of backlash in the reducer is equivalent to a variable gain acting on the gear gain of the linear region, .
B. Time-Domain Response Including Backlash
Fig . 13 shows the complete model of the drive train of a typical section of a paper machine. The mechanical train is modeled as a two-mass system and a reducer with backlash. The drive is modeled with an inner current (torque) loop and external speed loop with speed feedback from the motor.
Using the same speed controller settings that give 15% overshoot (see Figs. 5 and 6) the two-mass calender section now including a 1 backlash is evaluated. Fig. 14 shows time-domain response of motor and rolls speeds, motor current, shaft torque , and the difference of angular position Delta between the pinion and the gear in the reducer. Figs. 15 and 16 show zoomed views of the same variables at the beginning of the starting transient and during the first shaft torque reversal.
Comparing the waveforms of Figs. 5 and 6 it can be seen that amplitudes of the initial oscillations are, in fact, reduced. This is explained because of the small delay introduced by backlash in getting the rolls effectively coupled to the drive. Fig. 15 illustrates in detail the initial transient. At s, a 5% step command is applied and the motor starts to move. Between 1.005-1.010 s the load gear remains uncoupled to the pinion, while the motor side and pinion approaches the loadside gear. Right after 1.010 s, variable Delta reaches 0.5 (half of backlash), and the pinion contacts the gear and the load becomes coupled to the motor.
For this evaluation, the speed controller response has been tuned to permit overshoot. At s, the motor and roll speeds reach their maximum values and start to fall. As the drive is assumed unloaded (load torque equals 0.1 p.u.), shaft torque through the drive train reverses its direction, causing the backlash to switch directions. Fig. 16 shows that in the interval from 3.2 to 3.31 s, the load becomes uncoupled from the drive, the shaft torque remains at zero, and variable Delta changes from 0.5 to 0.5 . After this, the load is again coupled to the drive, which then forces it to lower speed. Fig. 14 shows that at 5.2 s the shaft torque reverses back to positive values and backlash again switches directions. It is important to notice that these two shaft torque reversals, along with the related backlash direction switching, are produced by the combination of speed response with overshoot and low load torque. The initial oscillations, due to jackshaft torsional loading, do not produce backlash direction switching because during this interval the motor is developing a high torque to accelerate the load inertia.
V. DESIGN CONSIDERATIONS AND MITIGATION TECHNIQUES

A. Use of Hollow Shafts
The most important design consideration in order to reduce torsional oscillations is to build the mechanical drive train with stiffer shafts. As concluded in Section II-B, the shaft diameter is the most sensitive parameter that affects the shaft stiffness .
Although oversizing the jackshaft diameter yields a stiffer shaft (20% increase in produce 44% increase in constant ), it could create problems. Specifically, an oversized diameter will increase the shaft weight (and cost), and depending on the A better solution is to use hollow shafts, which produce an increase in the torsional stiffness , without necessarily increasing the shaft weight. For a cylindrical hollow shaft, of inner diameter , the shaft torsional stiffness is given by (7) Fig. 17 shows the effect of using a hollow shaft in the dryer section and Table VI compares the antiresonant and resonant frequencies for the solid and hollow shafts. The specified hollow shaft has the same weight as the solid shaft and its outer diameter is 200 mm, compared to the 125 mm diameter of the solid shaft.
According to Table VI, using this hollow shaft, have been increased 100% of their original values (compared to 44% increase for a 20% oversizing of the jackshaft diameter).
The use of a hollow shaft is a powerful mechanical design tool that is extensively used in high-power and high-inertia sections of paper machines. In regard to drive performance, the use of hollow shafts in high-inertia sections yields an increase of the resonant frequency of these sections, therefore permitting higher BW in the speed controllers, which in turn improves the coordinated dynamic performance of the different mechanical sections.
B. Effect of Overshoot of Speed Response
Section IV-B explained that overshoot in speed response could produce backlash direction switching in the reducer during step reference commands with low load. In order to avoid these disturbances, the usual practice is to set the speed response to critically damped response, without overshoot. Fig. 18 shows the transient response of the calender section to a 5% step reference command using the same settings of Figs. 7 and 8 (speed response without overshoot). As shown in this figure, there are no reversals during the transient, although the section is assumed to have a very low 10% load.
This result shows that an appropriate design criteria for speed controller tuning in paper machine sections is to get critically damped responses. This is especially useful in dryer sections.
C. Use of Ramp Signals
As mentioned earlier, step signals excite the drive controllers over a wide range of frequencies, therefore, transient response to step commands will include oscillations at the resonant frequency, regardless of its value. These oscillations normally will decay quite quickly according to the damping effect at this frequency, unless the speed controller BW settings are improperly set too high, thus causing sustained oscillation at the resonant frequency.
One important way of getting rid of these oscillations caused by the step reference commands is to use ramp reference commands with ramp time below the resonant frequency. As is well known, ramp references are also beneficial in reducing current peaks during command changes and are typically used in master reference changes. Fig. 19 shows the ramp response of the calender section for a 5% 5-s reference using the controller settings that allows 15% overshoot. It can be seen that the response is free of torsional oscillations and there are no shaft torque reversals that could produce backlash direction switching. Therefore, the use of ramp shape commands (especially S-ramp) is a very powerful tool to prevent torsional oscillations as well as backlash direction switching in paper machine sections.
VI. CONCLUSION
Modeling and evaluation of typical paper machine sections have shown that torsional oscillations are an important issue that needs to be considered and properly handled in the design and tuning procedures of these drives. The most torsionally elastic elements in the drive chain are the jackshafts, and two-mass models are usually accurate enough to predict section dynamic performance with regard to torsional vibration.
Gearbox backlash effects show up during shaft torque reversals. These could be transient reversals occurring during overshoot of speed responses, or during normal regenerative operation of the sections where the motor torque required is near zero, or negative. Special attention should be directed to the last dryer sections, where sheet tension could produce a regenerating condition with unwanted backlash direction switching.
In order to get a well-behaved transient response, essentially free of oscillations, the following design considerations and controller setting criteria should be seriously considered.
• Use hollow, or oversized, jackshafts in high-inertia sections, which yield a stiffer system. Include oversize highquality zero-backlash couplings with these shafts. Avoid the use of U-joints and splined shafts insofar as possible.
• Use single-reduction high-quality oversized gear reducers, or direct-connected motors if practical.
• Design speed loop responses without overshoot.
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